of perovskites for photovoltaics. Nonetheless, even equilibrium aspects are far from being fully understood. Here we discuss equilibrium space charge effects at the MAPI/TiO 2 and MAPI/Al 2 O 3 interfaces, which are of paramount significance for solar cells. Different from the photovoltaic literature in which such built-in potentials are considered as being generated solely by electronic charge carriers, we will apply a generalized picture that considers the equilibrium distribution of both ionic and electronic carriers. We give experimental evidences that it is the ions that are responsible for the equilibrium space charge potential in MAPI, the reason being a pronounced ion adsorption at the contacts.
2 apply to all mobile ionic and electronic charge carriers individually. The situation is characterized by the uniformity of the electrochemical potentials of both electrons and ions. This results in the uniformity of the electrochemical potential of the respective defects as well as of the chemical potential of the respective components. If only electronic variations occur, chemical equilibrium is not achieved. Moreover, space charge fields are very frequently generated by ionic interactions, in particular when ionic charge carriers are majority carriers (as it is the case for MAPI). Not only does this approach (termed nano-ionics) explain a great variety of "anomalies" [2] [3] [4] [5] [6] [7] , it has even led to paradigm changes in various research areas 1, 4 .
In view of the relevance of ion motion in halide perovskites 8,9 , In AgCl:Al 2 O 3, not only the increase of Ag + vacancy concentration, but also the impact of the soestablished field on the electronic minority carriers was investigated and their interfacial conductivity was shown to be completely determined by the interfacial behavior of the ions ("fellow traveler effect") 15 . In fact all these effects are so well understood and powerful that purposeful admixing of surface-active second phases became an established strategy to optimize material properties. This method has been termed "heterogeneous doping" or "higherdimensional doping", as opposed to the classic homogeneous or zero-dimensional doping relying on the presence of charged point-defects rather than charged interfaces 1, 4 . (Note that the term heterogeneous doping is sometimes also used to refer to the different case of inhomogeneous classic doping i.e. to inhomogeneous distribution of zero-dimensional dopants) Not only has this 3 experimental approach not been applied in the solar cell field, the phenomenon of built-in potentials being predominantly due to ionic effects as such has not been considered.
Here we will give evidence that analogous effects (related to local ionic defect formation energies) dominate the MAPI:Al 2 O 3 and MAPI:TiO 2 interfaces. Given the importance of the MAPI:TiO 2 interface [16] [17] [18] [19] [20] [21] in extracting the photo-generated electrons formed by illumination, this result is expected to be of significant influence for future interfacial engineering of perovskite solar cells. Using Al 2 O 3 instead of TiO 2 is important in this study, particularly because Al 2 O 3 is an insulator and redox-inactive 22 , but also because the role of mesoporous Al 2 O 3 played in early halide perovskite devices is not fully understood 22 .
Our paper is structured as follows: (i) We will show that MAPI:Al 2 At the end of the paper, we will address the nature of ionic adsorption and discuss implications for the solar cell function. Figure 1 sketches the generalized contact thermodynamics and its implications for the concentration distribution assuming a positive excess charge at the interface, as may be realized by cation adsorption. (We will indeed show later that such excess positive potential applies here).
Accordingly, the ionic and electronic conductivities at the MAPI interface are expected to be drastically altered. For simplicity, we only display the expected variation for iodine vacancies ( I V  ), conduction band electrons ( ' e ) and holes (h • ) in the diagram ( Fig. 1(b) ) as they are active in the conductivity experiments 8, 9 . In the following, we demonstrate that exactly these predicted situations are met at the interfaces investigated here. It is well understood that iodine vacancies (similarly as oxide vacancies in oxide perovskites) form the majority defects in the bulk of MAPI.
As such their concentration and hence the ion conductivity is rather insensitive with respect to the iodine partial pressure P(I 2 ) (analogous to oxygen partial pressure dependence in ionically disordered oxides). For not too low P(I 2 ), the electronic conductivity is of p-type and steeply increases with P(I 2 ), while at very low P(I 2 ) a switch to n-type conductivity is expected 8, 9, 23, 24 . e (conduction band electron) at the interface between MAPI and the positively charged second phase at three different iodine partial pressures indicated as [1] , [2] and [3] in (b).
Mobilities of conduction band electrons and holes are assumed to be similar, but higher than for the ions. The compensation of the majority carrier ( I V  ) could be intrinsic (e.g. MA V  ) or extrinsic (e.g.
Pb
Na  or I O  ).
If P(I 2 ) is lowered, the ratio of hole and conduction band electron concentration is lowered and approaches the intrinsic situation, which is expected to be met at P(I 2 ) < 10 -9 bar. 8 The exact value of this cross-over partial pressure (see Fig. 1(b) ) depends on the bulk vacancy concentration. Below this value the majority carrier is n-type. This situation (region [1] in Fig.   1(b) ) is not met in our experiments (exposure to ultra-high vacuum would lead to decomposition).
If the space charge potential is positive, both σ eon and σ ion are depressed due to depletion of holes and iodine vacancies in the adjacent space charge zones at high P(I 2 ) (i.e. region [3] in Fig. 1(c) ).
On the other hand, at low P(I 2 ) σ eon will eventually increase owing to the inversion from p to ntype even if the bulk is still p-type (i.e. region [2] , Fig. 1(c) ). σ ion is still depressed under these conditions.
All these features are observed in the composites of MAPI with Al 2 O 3 and TiO 2 nanoparticles of 5-10 nm size (see Fig. 2 ). We measured and separated electronic conductivity (σ eon ) and ionic conductivity (σ ion ) by d.c. polarization measurements with interdigitated ion-blocking Au electrodes, a technique that has been already successfully applied to investigate charge transport properties in MAPI. 26 (The impact of Au electrode potentially showing interfacial effects is discussed in SI 1.2). As discussed in detail in SI 4.1, the fact that variations occur already at low volume fractions can be ascribed to the composite's microstructure and the small grain size of the particles, realizing conditions where coherent oxide networks (percolating paths) can be formed.
In view of the defect chemical situation a Mott-Schottky behavior at the interface of interest is more probable than a Gouy-Chapman situation (see SI 1.1). The measured overall conductivity for such situation is given by
(σ m : measured overall conductivity, σ  : bulk conductivity, β L : percolation factor (~0.5), φ A : volume fraction, Ω A : specific area (per unit volume), F: Faraday's constant, u n : excess electron mobility, c n,0 and c n, : excess electron concentration at interface and bulk, λ * : width of Mott-Schottky space charge zone) 2 . The detailed calculation (given in SI 1.1) shows that all the results for the Al 2 O 3 composites can be quantitatively explained by a space charge potential of about 740±60 mV (corresponding to an ion adsorption on the order of 1% of a monolayer, see SI 3.3) .
At this point it is noteworthy that we derive λ * ≈ 20 nm, a value that alleviates the percolation issue given the small particle size of 5-10 nm (see SI Fig. S11 ). While the derivation of the parameter values relies on literature data on mobilities 23, 27 and densities of states 28 for a positive charge on the oxide side. (b) and (c) refer to conductivities at low P(I 2 ) and (e) and (f) refer to conductivities at high P(I 2 ) (≈10 -6 bar) as a function of nominal volume fraction of oxide nanoparticles, extracted from d.c. galvanostatic polarization measurement at 40ºC. The volume fractions given in the figure are the ones in the precursor solution; according to ICP measurement, the real oxide volume fraction in the bulk is estimated to be higher by a factor of 10 (see SI 4.1). We plot effective conductivity (conductance corrected by macroscopic geometry) to take account of potential interfacial contributions by the Au-MAPI interface (see SI 1.2). The conductivity variations that a positive excess charge causes are very characteristic: σ eon is increased and σ ion decreased with increasing volume fraction at low P(I 2 ). Both conductivities are reduced under high P(I 2 ). Cross circle symbols indicate pristine MAPI sample (no oxide). Solid lines are guiding the eye.
To get further insight, we performed and evaluated conductivity measurements for various iodine partial pressures and hence various stoichiometries in MAPI (see SI 1.3) . We now also include the results at high volume fractions. At these high values severe blocking effects occur that obscure the absolute σ-values, but as the microstructure stays constant on P(I 2 ) variations, the results on the P(I 2 )-dependence are reliable and even more representative of space charge effects. As far as the quantitative analysis is concerned, we refer to SI, with Table S2 giving the expected dependencies. The measured results are all consistent with the predictions as outlined in SI 1.3, and also suggest a transition to n-type at low P(I 2 ). As the dependencies are the same as for the bulk, the agreement is a worthwhile consistency check, but does not provide us with more information.
All the above features can be also observed when TiO 2 is used as second phase (see Fig. 2 
):
decrease of σ ion and σ eon if the ratio of p-to n-type conductivities is very large in the bulk, but characteristically an increase of the σ eon if this bulk ratio is not very large so that the space charge field will invert the conductivity type. The quantitative analysis gives a ~50 mV lower space charge potential for TiO 2 than for Al 2 O 3 , which is in fact not unexpected in view of the typically lower basicity (lower ionization degree of the oxygen ion) of TiO 2 (as reflected by the smaller pH * in water 29, 30 ). We also measured the conductivity of both Al 2 O 3 and TiO 2 composites under light, where we do not see any accumulation effect under Ar. We briefly discuss this observation in the SI (Section 2). To corroborate the results obtained for the composites, parallel conductance measurements of MAPI thin films with various thicknesses deposited on Al 2 O 3 substrates were performed to determine the charge accumulation and depletion effects 6,31-33 . If we plot the sheet conductance ( ‖ ) as a function of thickness (L), we expect a straight line (for L >> screening length) with a slope corresponding to the bulk conductivity and an intercept corresponding to the interfacial contribution ( || ). As shown in Figs. 3(b) and (d), we find that for high P(I 2 ) as well as for low P(I 2 ) (Ar) the bulk ionic and electronic sheet conductances increase with film thickness more or less linearly. In all cases, values of the bulk conductivities derived from the slopes are close to 9 the ones measured for bulk MAPI (see SI 1.1 for details). In the case of the ionic conductance the intercept is below zero indicating a depletion effect under both conditions. The electronic conductance shows a negative intercept (i.e. depletion) at high P(I 2 ), but characteristically a positive intercept indicating accumulation under low P(I 2 ) [see Fig. 3(a) ]. All these results are in agreement with the composite values. Only the absolute value of the space charge potential is lower by 12060 mV than for the composites, i.e. about 62080 mV (see detailed calculation SI where the cations (Li + , Ag + , Cu + , Tl + ) are adsorbed at the oxide's surface 2,10 , we may expect our effects also to be caused by cation adsorption.
While it is clear that, in MAPI, anions are mobile and cations only show very small conductivities 9 , this does not preclude such an adsorption, as boundary redistributions within few nm do not require significant conductivities. More importantly, such cation enriched adsorption layers can simply form during the liquid-state synthesis. We note also that segregation of positively charged iodine vacancies could be a plausible mechanism, as this process would be equivalent to a preferential excess of both cations and could occur kinetically more easily. In the literature one finds experimental reports on Pb-TiO 2 interaction 34 , as well as calculations 10 claiming that PbI 2 -terminated MAPI is more stable than the MAI-terminated MAPI in contact with anatase 35 . While these results are not necessarily meaningful for our discussion, for the case of γ-Al 2 O 3 there are explicit reports about a significant adsorption of Pb(II) 36, 37 . Even more conclusive in this context are adsorption studies that we performed for Al 2 O 3 and TiO 2 surfaces with respect to Pb 2+ , MA + and Iions in DMSO solution. They are described in greater detail in SI Section 3. Results from ICP, Zeta-potential, STEM-EDX, and NMR measurements indicate Pb 2+ adsorption rather than MA + or Iadsorption. When the oxide particle is removed from a DMSO solution containing MAI+PbI 2 , it exhibits a surface layer of Pb 2+ with Ias counter ion, corresponding to a coverage of about 30% of a monolayer (detail estimate is given in SI 3.3).
This adsorption behavior can certainly not be accurately translated into adsorption properties of the solid situation, but should capture the chemical trend. To stress again the point that is important for our interpretation: TiO 2 behaves exactly the same as Al 2 O 3 in these studies. electronic effects do also contribute to the overall built-in potential [ Fig. 4(b) ]. The significant impact of ion distribution conforms to the experience that we have with the Solid State Ionics of composites, and is also expected as ionic defects are the bulk majority carriers in MAPI. For the same reason the generally observed insensitivity of conductivity effects with respect to MAPI stoichiometry or sample variation (e.g. microstructure) is not surprising. Nevertheless, this point has to be investigated more systematically in the future.
As a next step, we discuss the impact of ionically generated space charges on solar cell devices.
Needless to say, space charges influence the electron/hole extraction and affect the recombination dynamics at such interfaces [41] [42] [43] , thus being of paramount importance for photovoltaics. Surface recombination is considered to be the dominant recombination loss in high efficiency halide perovskite solar cells 44, 45 , and the charge distribution at interfaces a key parameter 41 . One example is a recent work 46 which stresses the importance of interfacial capacitances in influencing recombination and injection. These capacitances can be modified by varying the space charge layer width, which according to our finding is determined by the ion adsorption. In silicon solar cells, "high-κ" dielectric such as Al 2 O 3 , HfO 2 and ZrO 2 films have been used to improve solar cell efficiency by providing effective surface passivation. This effect was attributed to a hydrogen-induced passivation mechanism as a consequence of a negative surface charge 47, 48 .
While the sign of the space charge effect on the MAPI side conforms to previous literature reporting electron accumulation and accounting for electronic effects only 21 , the central role of the ionic properties in the determination of the space charge potential is a novel conception.
Specifically, it implies that the fraction of built-in potential of these interfaces dropping across the perovskite layer [qϕ bi,ion in Fig. 4(b) ] is largely determined by the ionic interaction with the oxide surface. In the example shown in Fig. 4(b) , the ionically dominated space charge potential in MAPI is larger than what would be expected considering electronic effects only. For cases
where Shockley-Read-Hall recombination via deep traps at this interface is dominating, the 12 increased band bending at the MAPI side should be beneficial to device performance (due to a decrease of the local minority carrier concentration). Note that typical values of ionic carrier concentrations are higher than the concentration of photo-generated carriers even under light 23, 49 .
This is even more so, as the ionic carrier concentration may be significantly increased by illumination, which, in turn, complicates the space charge picture (see SI Section 2).
Another point worth noting is that, according to our experiments, MAPI undergoes a p-to-n transition at the Al 2 O 3 (or TiO 2 ) interface due to ion adsorption. For devices where the hybrid perovskite is infiltrated in mesoporous oxide films with pore size in the order of 20-50 nm, our results suggest that considerable depletion of iodine vacancies and of holes (p-to n-type transition) may occur throughout the perovskite phase. This would have important consequences in terms of potential distribution between the perovskite that is infiltrated in the oxide and the one forming the capping layer. It would also influence the charge transport and recombination dynamics in the mesoporous film.
A further implication is that such effects can -given the moderate adsorption value of ~1% monolayer-be altered in either direction by surface modification, by doping TiO 2 or by strategically looking for alternative phases replacing TiO 2 . In this way, band alignment or band bending can be varied to control the collection and recombination of photo-generated charges, strikingly without the need to vary the bulk properties of the contact phases. Stoichiometry control (as well as doping) on MAPI may also alter the ion adsorption behavior 50, 51 . While recent interfacial engineering studies on halide perovskites showed that recombination could be suppressed by inserting self-assembled monolayers between the electron transfer layer and perovskite layer, changes in the ionic surface properties have only been scarcely invoked as a possible explanation for the observed trends [39] [40] [41] .
In conclusion, our findings give strong evidences for ionically determined equilibrium space charge potentials forming at the MAPI/Al 2 O 3 and also MAPI/TiO 2 contacts. These are attributed to a positive ionic excess charge at the interface, most probably due to Pb 2+ adsorption. The soformed positive space charge, which should also apply to other lead halide perovskites, leads to a local depletion of holes and iodine vacancies, and an accumulation of conduction band electrons.
Owing to the high ionic charge carrier concentration involved (exceeding typical concentrations of photo-generated electronic carriers), these distribution phenomena are expected to be of relevance even under illumination/in devices under operation. The significance of this result is enormous, given the fact that in photovoltaics such equilibrium space charge phenomena are generally discussed solely in terms of electronic effects. The role of the ionic properties on the space charge potentials as discussed here enables completely novel approaches of interface engineering with respect to potentially improve solar cell efficiency.
Preparation of MAPbI 3 thin-films for electrical measurements
MAI was obtained using the reported procedure by Im et al. 52 An equimolar solution of MAI and 
Iodine partial pressure dependence
To control P(I 2 ) over the samples, argon was used in a container with solid iodine chips, kept in a thermostat at a fixed temperature (always below room temperature, between −40°C and 4°C).
The iodine partial pressure was assumed to correspond to the equilibrium pressure of iodine at the thermostat temperature, which was calculated based on a published equation 54 . Similar values are obtained by estimating P(I 2 ) purely from thermodynamic considerations, starting from Gibbs free energy of sublimation of solid iodine.
ICP measurement
The ICP-OES measurements were performed by using SPECTRO CIROS. The intensity of measured each line is then compared to previously measured intensities of known concentrations of the elements, and their concentrations are then computed by interpolation along the calibration lines. We dissolved MAI and PbI 2 in DMSO and then immersed oxide particles into a solution.
We quantify the Pb amount by ICP in a control solution without nanoparticles and compare it with the concentration left after adding Al 2 O 3 or TiO 2 nanoparticles separating them by centrifuge. Indications of Pb adsorption 16 4.
Zeta Potential measurement
Chemical analyses 23
Evaluation of space charge parameters 1.Ideally selective electrodes
In this section we consider Au to be an ideally selective electrode (no interfacial effect).
It is fully blocking for ions, but entirely reversible for electrons. Furthermore, we assume no interfacial resistance. In 1-2, we discuss with this last assumption.
Space charge contributions (Mott-Schottky vs. Gouy-Chapman type situation)
In 
Evaluation of thickness-dependent experiments
We performed parallel conductance measurements of MAPI thin-films with various 
1.1.2.a. Accumulation of excess electrons
Here we refer to the inversion regime (low P(I 2 ), Ar) where the excess conductance due to accumulation of electrons at the interface is given by: n,0 * n , n, n,0 n, n,0 n, n,
(eq. 5)
1.1.2.b. Depletion of holes and vacancies
The simplest way to address depletion effects is to neglect the conductance contribution 
We assume that the particles give rise to percolating space charge conduction between the two electrodes and fully contribute (parallel switching, β L ≈ 0.5). The volume fraction of the interfacial layers is expressed by the oxide volume fraction (φ A ), their surface-tovolume ratio ( AA 3 r  ) and the MS length (λ * ) as layer thickness. (cf. Fig. S1 ). 6
1.1.3.b. Absolute values of space charge conductivity: depletion of holes and vacancies
Consistently with our model, we find that m,eon  (measured electronic conductivity) is depressed at high iodine partial pressure where we find the (depleted) holes. A depression is also found for m,ion The first term describes the resistivity attributable to the bulk (ρ  ), and the last term represents the contribution from the space charge zone. The parameter β l refers to the proportion of pathways contributing to σ m ; φ l is the volume fraction and σ SC ‖ is the conductivity in the conductive passage.
7 Figure S1 . A schematic view of the composite for estimating accumulation and depletion effects. The length of the grain of MAPI is L and the diameter of the particle is l.
As the width of the passage is smaller than the particle radius, the effective conductivity in the passage sc  is a space charge conductivity and not far from p0  or v0
Of course this gives only an upper limit for m  , as any deviation from this morphology leads to significant conductive leakages. Using the above eq. 9, the σ SC || value is found to be around 10 -10~1 0 -12 Scm -1 .
Parameter evaluation
If   is evaluated from the slopes, the results (given in Table S1 ) agree well with the bulk conductivities derived from earlier d.c. conductivity measurements on pure MAPI (Ar: σ eon, = 3x10 -9 , σ ion, = 3x10 -8 , high P(I 2 ): σ eon, = 4x10 -7 , σ ion, = 2x10 -8 Scm -1 ) Table S1 . Calculated values for bulk conductivity extracted from the slope of conductance measurement on various thickness. From v,  =4x10 -8 Scm -1 (Ar, dark, 40ºC), we derive then a vacancy mobility of ~10 -8 cm 2 /V•s.
Selective electrodes with severe space charge effects
Since we have indications that the contact Au-MAPI is influenced and under certain conditions even dominated by interfacial resistances 13 due to depletion of positive carriers (or possibly also due to charge transfer resistance), we investigate here the impact on the evaluation by assuming the extreme case of a dominant interfacial effect.
We show that these complications do not significantly influence the evaluation. In the galvanostatic experiment, we would then extract R ┴ eon from the steady sate and R ┴ ion from combining the steady state information with the external voltage response The analysis given before is essentially based on the accumulation of e / under Ar.
Under these conditions the interfacial effect could be assumed to be small, as Au tends to form an inversion layer, too. (Eqs. 1,5 of SI). The results for the thin films under depletion conditions should also be rather the same, as we used the first approximation, under which the depletion zone drops out of the conductance balance (Eqs 6,7 of SI). The same is expected for the interfacial resistance (MAPI-Au) as then in contact with Al 2 O 3 or TiO 2 the depletion is augmented.
More problematic is the depletion evaluation for the composites (Eq. 9), as in that case the interfacial resistance can pretend too low a space charge potential. As we obtained a value of 300 mV as compared to 600 mV for the lower limit, the interfacial contribution would even lead to closer agreement.
Partial pressure dependence of the composite values
Here we also include the conductivity measurement for high values of φ. In spite of morphological problems yielding obvious conductivity blocking effects (i.e. L 1  ) the iodine partial pressure dependence is even more reliable for high (rather than low φ values) as long as the microstructure stays the same, since the space charge contribution to the measured value is much higher (see Fig. S2 ). From Refs. 2, 14 , we can give the calculated partial pressure dependence values in Table. S2. The measured values of iodine partial pressure variations in MAPI:Al 2 O 3 and MAPI:TiO 2 composites are shown in Fig. S3 and Fig. S4 , respectively. The observed slopes for MAPI:Al 2 O 3 (see Fig. S3 ) for σ p and σ v (eon ~0.5, ion ~0) are all in accordance with the predictions from MS or GC models (see Table S2 ) 2, 14 . This agreement is however only a consistency check as the slopes in the space charge models coincide with the bulk slopes as shown in Figs. S3 and S4 . For the Ar-value, it is crucial to what P(I 2 )
value we refer here. According to the theoretical slopes (1/4) and the experimental values for σ p, we can approximately estimate P(I 2 ) values < 10 -9 bar for Ar. The measurements in Fig. S3 and S4 may suggest a n-type bulk conductivity at this P(I 2 ) value. This is indicated in Fig. S3(c) and Fig. S4(c) by the σ eon value in Ar being higher than the value at P(I 2 )=2x10 -7 bar. Figure S3 . Iodine partial pressure dependence of the electronic and ionic conductivities of MAPI:Al 2 O 3 composite film with different nominal volume fraction at 40°C. The numbers given are the slopes of the linear fit indicated by the dashed lines. The nominal volume fraction of samples is noted on the figure (LH: from low to high iodine partial pressure, HL: from high to low iodine partial pressure, carrier gas: Ar, black symbols: electronic conductivity, red symbols: ionic conductivity). As mentioned in the main text, the real oxide volume fractions in the samples is estimated (by ICP measurements, SI section 4) to be a factor of 10 higher than the nominal values. Figure S4 . Iodine partial pressure dependence of the electronic and ionic conductivities of MAPI:TiO 2 composite film with different nominal volume fraction at 40°C. The numbers given are the slopes of the linear fit indicated by the dashed lines. The nominal volume fraction of samples is noted on the figure (LH: from low to high iodine partial pressure, HL: from high to low iodine partial pressure, carrier gas: Ar, black symbols: electronic conductivity, red symbols: ionic conductivity). As mentioned in the main text, the real oxide volume fractions in the samples is estimated (by ICP measurements, SI section 4) to be a factor of 10 higher than the nominal values. 
Indications of Pb adsorption
In this section we discuss the nature of the ion adsorption on Al 2 O 3 and TiO 2 particles.
We already experimentally confirmed a positive excess charge at the interface between MAPI and these oxides by conductivity measurements. In order to investigate the origin of this charge, we performed various experiments such as STEM-EDX, Zeta potential, ICP, NMR and XPS measurements. All the measurements are consistent with adsorption of Pb 2+ ions rather than MA + (or I -) ions.
STEM and BET results
We performed SEM and STEM measurements to investigate the morphology of the composites characterized in this work. On the scale shown, we do not see particle aggregation (see Fig. S6 ). The particle size for both Al 2 O 3 and TiO 2 is around 5-10 nm.
The surface area of the nanoparticles is measured by Brunauer-Emmett-Teller (BET) N 2 adsorption isotherm. Consistently with the particle sizes, average surface areas of 115 
Zeta potential measurement
We determined the zeta potential of Al 
ICP and STEM-EDX results
In order to get insight into the amount of Pb 2+ adsorbed on the oxides surfaces, we The situation of ion adsorption will be quantitatively very different between solution and solid case, but the qualitative conclusions are expected to be transferrable. The analysis of the particles by STEM-EDX is consistent with Pb and also I-accumulation on the surfaces (see Fig. S8 ). Consistent results are obtained by XPS (see Section 3.4).
Combining this with the zeta-potential measurements (see Section 3.2), we can conclude that Pb 2+ is adsorbed and Iplays the role of the counter ion. 
NMR results
To obtain further evidence of ion adsorption at 27 Al MAS NMR spectra in MAPI:Al 2 O 3 composite and pure Al 2 O 3 powder. The peak corresponds to water and hydroxide groups adsorbed on the oxide surface. All the measurements are done at room temperature.
XPS results
We performed XPS measurements on TiO 2 We also note the presence of a shift of Pb and I peaks to higher binding energies possibly due to interaction with the indium foil. More evidences are required to clarify this aspect. 
Chemical analyses
We already discussed the quantification of Pb adsorption on oxide particles by ICP (SI Section 3.3.). Here we apply chemical analyses to assess the true oxide content in MAPI:oxide composites, and also to determine the impurity content in MAPI films.
True oxide volume fraction in MAPI:TiO 2 composites
We use chemical analyses (ICP and STEM-EDX) to check the true oxide content in the composite MAPI:TiO 2 films. The incentive for these measurements lies in the fact that we find significant conductivity effects (see Fig 2 main text) already at very low volume fractions, possibly indicating a particle decoration that comprises almost the entire film.
This occurrence appears to be favored by accumulation of the oxide nanoparticles at the Au electrodes during the spin-coating process. Indeed, STEM-EDX measurements (Fig.   S11 ) shows that even for a low nominal volume fraction (1%) a substantial amount of TiO 2 nanoparticle is found, which seems to form a percolating path between the Au electrodes. Consistently, ICP measurements performed after entirely dissolving a MAPI:TiO 2 composite with a nominal TiO 2 content of 1% (analogous to the ones used in the main text for electrical experiments) show a significant Ti content, corresponding to a real volume fraction which is 10 times higher (~10%). This can be ascribed to interactions between oxide and Au (or sapphire substrate) and possibly also to precipitation of the nanoparticles during the spin-coating step. Of course, at very high φvalues true and nominal values converge. Figure S11 . STEM-EDX images of MAPI and TiO 2 composite (nominal φ in solution ~1%, particle size 5-10 nm) with Au electrodes on Al 2 O 3 substrates. Carbon is used as coating layer on the film. In the middle of the Au electrodes, we observed an arrangement of apparently percolating TiO 2 particles. Our measurements suggest that this effect occurs even at low volume contribution.
Impurity level
It is of interest to assess the impurity level in MAPI, particularly considering that both Na and O, which are ubiquitous, can act as acceptor dopants. Unfortunately, quantifying the real bulk oxygen content is extremely challenging, due to the presence of large background oxygen quantities (e.g. from gas incorporation/adsorption or from solvent such as DMSO) which may however not act as dopants. We focus therefore on Na, which can be quantified by ICP, showing an impurity content of 200 ppm in the precursor solution used to spin-coat the MAPI films. This value is consistent with the total bulk impurity concentration calculated from electrical measurements (~1000 ppm, see SI 1.1.4), indicating that the defect situation in MAPI at room temperature is extrinsic rather than intrinsic. Further experiments are needed to confirm this claim, also in view of the fact that the total Na content (as measured by ICP in the precursor) does not necessarily correspond with the electrically active impurity content in solid MAPI thin films.
